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By Donald Bogart and Leonard Soffer

SUMMARY

A modified group method has been used to calculate the reactivity
of the uranyl-fluoride - water experimental critical assemblies which
are part of the Osk Ridge critical mass studies. The method employed
relates the experimentael slowing-down length for water to that in flu-
oride solutions and includes the effects of epithermal absorption and
fisslon. The reactlvity was calculated for 35 bere and 85 water-
reflected experimental critical configuratlons. These configurations
covered. a wide range of uranium concentrations and care geometries.
Calculated reactivitlies were reasonably good for all the reflected as-
semblies and for all bare assenmblles except those having the highest
uranium concentrations.

INTRODUCTION

Reactor design groups generally require criticality calculations
of a survey type in which many kinds of reactors are parametrically in-
vestigated. For such work two- or three-group anelysis has been found
most useful.. Furthermore, desirable design information regerding ef-
fects of nonuniform spatisl distributions of fuel and abscrbers, two-
or three-dimensional flux distributions; and effects of local inhomoge-
neitles on flux and resctlivity i1s more readily obtelned within the 1lim-
ite of diffusion theory from two- or three-group analysis. For example,
a two-group formulation which includes the effect of eplithermal processes
was used in the following studies at the NACA Lewls laboratory:

(l) Criticality surveys of enriched-uranium hydroxide-moderated re-
actors of interest in eircrafi muclear propulsion (refs. 1 and 2)
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(2) Achievement of flat spatial power generation by nomuniform dis-
tribution of uranium in water-modersted reactors (ref. 3)

(3) Spatial burh-out of fuel and burnsble poison in water reactors
designed for increased reactor life (ref. 4)

(4% Calcu]).a.tion' of neutron fluxes in the viecinity of control rods
ref. 5

For water-moderated reactors with .significant neutron production at
eplthermsl energles, a modified group method was formulated which con-
siders the details of the processes in the eplthermal region (ref. 6).

The valldity of reactor criticalility calculations by group methods
1s best tested by applyling these methods to a set of controlled criti-
cal experiments. The Oak Rlidge criticel mass studies (refs. 7 and 8)
provide an excellent set of experiments to check diffusion-theory group
analysis es 1t-epplies to hydrogen-moderated reactors. These experi-
mente are ideal for analysis, as they comnsist of homogeneous solutions
of uranyl fluoride in water enclosed by thin alumimm or stalinless-steel
cylindrical contalners with and without water reflectors. The uranium °
is -enriched to contaln 93.4 percent uranium-235. The modified group
method of reference 6 1s applied herein to all the bare and weter-
reflected critical experiments reported in reference 7, with the excep-
tion of the cadmium-covered water-reflected cases. In additlon, the re-
sults of an extended program of critical experiments in cylindrical ge-
oretry reported in reference 8 are included in the presentanalysis. The
group formulation employed makes use of the peculiarly raplid slowlng-
down properties of hydrogen and includes the effects of epithermal ab-
sorption and fisslion. The concept. of reflector savings, calculated by
two-group analyslis, 1s employed in evaluating the criticality of the
reflected experimental assemblles.

Since the experiments of reference 7 were reported, these data have
been widely analyzed. Schuske and Morfitt (refs. 9 and 10) in seeking
safe handling procedures succeeded in fitting the experimental data to
empirical curves. Macklin (ref. 11) later improved the empirical rela-
tions in order to extend the data beyond the experimental range. Clark
(ref. 12) applied a_one-group neutron diffusion model to the experimen-
tal .data in order to establish a basis for estimating the nuclesr safety
of separatlion-process equipment.

Various. investigators, led by Greuling (refs. 13 and 14), heve at-
tempted to obtaln a comprehensive yet slimple theary of the hydrogen~
moderated reactor. -Mills, Bell, Bendt, and Danzker (refe. 15, 16, 17,
and 18, respectively) have analyzed the experimental data with such an
object in mind. With individually verying methods, all have obtained
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reasonable results. The present report attempts to determine how the
modified group method of criticality analysis, employed in NACA sna-
lytlicel reactor studies, predicts 'bhe reactivity of the water reactors
of references 7 and. 8.

ANALYSIS

. The group diffusion method used includes the effects of epither-
mal absorptlon and filesion and employs the following facts for neutrons
slowling down Iin hydrogenous media:

(1) The bulk of the contribution to the mean-square slowing-down
length to thermal energles _I'.?, takes place gbove the eplithermal region.

'(2) Epilthermal absorption occurs near thermal energy, mostly in the
energy range below about 1000 electron volts.

If age theory 1s teken to apply in the epithermal region, the
slowing-down, diffusion, and absorption processes in this regilon mey
be treated 1n detail. To accomplish this, neutrons are divided into
three separate regions: fast, epithermal, and thermal. All neutron
absorption, and therefore production, is restricted to the epithermal
and thermal regions. Group-diffusion slowing down in the fast region
and Ferml-age slowing down In the epithermal region are sdssumed.

If LE(E) is defined ss the mean-square slowing-down length for
neutrons of fission energles to energy E, and T,(E) 1s the Fermi age
for neutrons fram Ei, to E (wvhere E is any energy in the epither-
mal region; 1.e., By 2 E 3 By}, then Lﬁ(E) end T,(E) ere given by

L2(E) = 12 - 7,(E)

@ = | e E

vhere Z,. end Z; are energy-dependent mecroscoplc transport and to-
tal cross sectlons, respectively, and & 1s the average loss in log
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energy per collison. This three-energy-reglon plcture leads to the fol-
lowing criticality equation (see appendix A for definition of symbols):

1

XtrPth 5 (®) = £} 8 K, (1)
(x +12?)(2 + 1Z,57) 1+ [12 - 7 (B]JBE  off

Een

The first term represents the contribution to the neutron gener-
ation due to fissions by thermalized neutrons, whereln the quantity

/(1 + L?z) is the probability of a neutron escaping leakage in slow-
ing down to thermal energies in a medium of buckling constant- BZ; p
is the fractlon of filssion neutrons absorbed that escape capture in
slowing down to thermal energies; 1/(1 + L,%th) is the probability of

a neutron escaping leakage during thermal diffusion; and K 1s thg
thermal multiplication constant.

th

The integral term represents the contribution to the neutron gen-
eration due to eplthermal fission. In this integral, the quantity

l/E. + [L%. - 'ri(E)]Bz} represents the nonieskage probability for & neu-
tron slowing down from fisslon energies to some epithermal energy E;
Y E dE represents the fraction of the total fission neutrons absorbed

that are captured in the eplthermal-energy interval AJdE and is the
change in slowing-down density q(E) acrose the interval dE; and, fi-
nelly, (E) is the eplthermal mulitipliication constent at energy E

given by vZR(E)/%,(E), where Zp and 3, are local values of macro-
scoplc filsslon and absorption cross sectlions for the medium.

Evaluation of this lntegral term permits a detalled determination
of _the disposition of neutrons by leakage, absorption, and slowing with-
in the epithermal region. However, 1t is possible and desirable to re-
place the integral term by a more convenient term involving gquantities
averaged over the eplthermal region. . The average values are obtained
by welghting local values by the neutron fluxes in this epithermal re-
glon. The variastlion of neutron flux with energy is evaluated on the
basis of an eappropriate neutron slowlng-down model in an infinite me-
édium of the same composition. In the present a.na.l;y-s:l.s the age-theory
model has been used., since, for the reactors under consid.e.ra.‘bion, the
important nonthermal contributions occur in the epithermal region where

208
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age theory 1s & good approximation. In this manner average values of
epithermal multiplication constent K; and average eplthermal age Ty
are numerically determined (see appendix B).

Ey
The integral 9&%} dE ie simply E;,(Ei) - q_(E.bh)] = (1 - pgy)-
Ein

Inasmuch as there are no sbsorptions et energies above E;, q(E;) = 1,
and by definition gq(B) = pyy-

The average mean-square slowlng-down length for fisslon neutrons
to the epithermal region is then given by (L2 - ?i), and the probebil-
ity of a fiselon neutron escaplng leekege in slowing through the epl-
thermal reglon is glven by 1/[1 + (Lg - ?1)32 . This term takes cog-

nizance of the effectlively reduced slowing-down distance for epithermal
neutrons resulting from absorption of such neubtrons and its effect on
neutron leskage in the epithermal region.

With these simplifica.tiona , the criticality equation (1) now
becomes

KenPen ii(l - DPyy)

(1 + 1282)(1 + 12, B%) 1 +(12 - 7,)8? = Rere (2)

It is this equation which has been appllied to the criticallty dats
of references 7 and 8. The specific procedures for evaluating the re-
quired parameters and values for these parameters are presented In
appendix B.

Briefly, parameters X - and L%h are calculated fram their defi-

. 2
nitions; that is, K, = "zfr,th/ZA,th end L§y = h,th/szA,th (effect
of chemical binding of hydrogen irn the water molecule on )qm,th is
approximated) . An average eplthermal multiplication constant 'I_C_'_ may
be evaluated by mumerlcal integration for a glven core camposition by
age theory. It has been ghown in referenct_a 2 that E:L mey be corre-

lated with the value of Ky, for a glven core composition, inasmich as

urenium is the only absorber whose cross section does not vary inversely
with neutron velocity. The correlation of XK, end K; for & wide

range of reattor core comgositions is given in reference 2 and is used
herein. -
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The quantity L2 has been calculated for water and. UO,F,-H,0 so-

lutions by the method of Marshek and averaged over the fission spec-
trum. These calculated results are.normalized to the experimen‘bal value
of L of 31.8 square centimete:rs for pure water a.nd. presented as a

:f‘u.nction of ‘the_hydrogen to uranium-235 atom ratio R (see appendix B).

The ‘geometric bucklings BZ used were cdnputed. by use of an ex-
trapolation distance based on properties of the fast-neutron group
(1-Mev reg:l.cn) far bare reactors or based on calculsated two-group re- -

flector savings for spherical reflected Teactors of the same composition.

RESULTS AND DISCUSSION

The results of the criticality celculations for the bare and water-
reflected cylindrical-reactor experiments of references 7 and 8 are pre-
sented in figures 1 and 2, respectively. The effective multiplication
constant Kgpp a8 calculated from equation (2) is plotted egainst the

E/U-ZSS atom ratio R. A distinction is made between the sluminum- and
steel-enclosed reactors of various dlameters. In references 7 and 8,
for reactors of a given dlameter, the core height was varied to obtain
criticality for solutions of different uranium concentration correspond-
ing to the ordinate R. The material parameters used in camputing val-
ues of K,pp for all values of R  are given ir table I.

The results for the bare reactors shown In figure 1 indicate an
approximate average K,pp oFf 0.98 with & scatter of AK of ‘about

40.0L ‘for values of R above 100. With urenium enrichment to values
of R below about 100, the reactors are’ gra.dua.uy predicted to be more
subcritical. For reactors with R of 25, some 80 percent of the fis-
sions occur eplthermally; whereas, for R of 100, but 35 percent of
the fissions occur epithermally.

It is-recalled that the average energy of the leakage neutrong has
been considered to be about 1 Mev, and cross sections at this energy
have been used to evaluate the extrapolation distance 6. It will be
shown later that calculated values of K.pp are quite sensitive to 6.

By tsing larger values of & cm'responding to cross sections at ener-
gles slightly higher than 1 Mev, calculated values of Kepp &re in-

creased. Therefore, the lower predicted values of K,pp for the more

epithermal critical assemblies (low R) shown in figure 1 may be due
to leckage neutron spectrums of aversge energy greater than 1 Mev.

209



3602

NACA RM ESSL23 ' 7

The results for the water-reflected reactors are shown iIn figure 2.
There 1is spparently a much greater scatter than for the bare reactors;
however, two lmportant things are noted:

(1) The alumimm- and steel-conteiner polnts are separated some
0.02 to 0.03 in AK. Within each group of points the scatter is about
10.01 ebout an average velue of Kyep oOf 0.98 for the alumirum-

conteined assemblies end sbout en average value of K,pp of 1.00+ for
the steel-contalned essemblies.

(2). The tendency for the richer reactars to be predicted more sub-
critical is not present for the alumimm-conteined assemblies, but this
trend exists for the steel-contalned assemblies below values of R of
about 50. ¥Yor the lower values of R, both alimimm and steel points
run togethexr. '

The separation of the slumimum and steel points may be explained
by the following: In computing Keff for the reflected resctors, no

distinetion is made between the alumimm and steel reactor contalners.
It was assumed that a thin metal shell would have negllgible reflector
effectiveness campared with a thick water reflector. Althoush thlis may
be quite true, the cross sections for iron and aluminum are merkedly
different for fast and thermal neutrons. The fast-scattering cross -
sectlons for lron eanhd alumimm are both of the order of 3 barns, but
the thermal-absorption cross sectlion for iron is more than 10 times
that of a.lmnimnc:;rfz 43 berns compared with 0.21 barn).

The effectlveness of the water reflector, therefore, would be ex-
pected to be relatively unchanged by the contalner for highly epither-
mal reactors that do not rely significantly on reflected thermalized
neutrons. On the other hand, for more thermsl resctors, the steel con-
talner lntercepts a larger fraction of the reflected thermalized neu-
trons than the aluminum contalner. Thus, the reactivity computed for
highlg‘ eplthermal alumirmum- and steel-contained resctors (Lower values
of R) are practically identical, as indicated in figure 2. For larger
more thermal reactors (higher values of R), the steel shell absorbs
more of the thermal neutrons returned to it by the reflector than the
aluminum shell, end the predicted K pe values diverge from each other.

The steel-conbalned reactors are calculated o be more supercritical
then’ the alumimm-contained reactors, because the relative absorption
of the shells has not been taken into account.

In appendix C, the effects upon K pg of the esti.né.ted experimen-

tal error cited by the authors of reference 7 in measuring critical core
height end uranium concentration of the water-fluoride mixbtures are eval-
uated for representative core configurations. Summerizing briefly,
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uncerteinty in the critical helght meesuremernt may introduce a varistion
in Kepp of 0.7 percent for the flatter reactors, whereas the uncer-

tainty in uranium concentration may introduce a wvariation in Kepr of

0.6 percent for the leaner reactors. The experimental errors may there-
fore account for much of the scatter in the data.

The tendency for the richer reactors Eamaller R) to be calculated
as less resctive than the leaner reactars {larger R) has also been T
found by Mills (ref. 15). By use of the Goertzel-Selengut method ap-
plied to the ANP multigroup technigue he calculated Kopp for four of

these configurations, two bare and two reflected. In the following
table Mill's results are compared with those obtalmed in this report:

Diemeter, [Helght, |Container| Reflector|Critical| Atom Kapp
cm . cm material | thickness, mass, |ratio,

om Kg U-235 R Ref. 15|Present
report

25.4 34.0 Al (4] 7.9 52.9| 1.005 | 0.979
25.4 . 32.3 Steel 0 8.8 43.9| - .981 967
38.1 44 .3 Al 11.43 1.31 999 1.008 .972
25.4 | 22.4 Al 19.78 .893 | 329 1.007 .g78

Both methods are in relative agreement in predicting the reactivity of .
the bare reactors, and both show the same trend in underestimating K.pe

for the richer of the two bare reactors. For the two reflected cases,
Milils estimates reactivity as about 1 percemt supercritical, and the
present report estimates these as about 2 percent subcritical. However,
the indicetions are that use of two-group reflector savings, which were
calculated for reactors of spherical gemietry and applied herein to the
experimental assemblles, is satisfactory. The followlng discussion
will Indicate that the consistently subcriticael predicted reactivitles
for bare assemblies ma.y be explained by cons:l.derations of the extrapo-
lation length. :

The extrapolation length &6, whose calculation i1s described in ap- .
pendix B, 1s an important quantity used in camputing the geametric buck-
ling for bare reactors. The guantity O was arbitrarily camputed Ffrom
the transport mean free path evaluated from cross sections at a neutron
energy of about 1 Mev. This assumed that 1 Mev was representative of
the energy of the leakage neutrons. It 1s quite possible that a some-
what higher energy should be used with corresponding smaeller cross sec-
tlone, leading to a slightly larger extrapolation length. :

In order to determine the effect on the predicted reactivity of a
change in the extrapolation length 8§, the criticality of all the bare
reactors was recomputed with values of & 1ncressed by 10 percent over

209€ |
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those used for figure 1 (these appear in table I). The results of these
calculations are shown in figure 3. Caomparison of figures 1 and 3 indi-
cates that arbitrarily incressing the extrapolatlion distance serves to
shift the data 1in a more or less uniform way, making the reactivity pre-
dictions closer to iunity. The flatter reactors (larger diemeters) as a
group are more sensitive to changes in 6. Since they are flat, the
axiel buckling 1s sensitive to changes in the extrapolation length.. It
1s apparent that no one value of & cen serve for all the data polnts.

Clark (ref. 12} has used the Oak Ridge critical mass study data to
calculate extrapolation dlstances; and his results, vhich very from 3.0
to 3.5 centimeters, agree with the values used herein. The indlcatlons
are that the choice of 1 Mev as a neutron energy to select cross sec-
tions for estimating values of & is sa.tisfac'tory for hydrogen-
moderated critical assemblies.

CONCLUSIONS

A modified group method of criticality analysis, employed in vari-
ous NACA anelytical reactor studies, was applied to the experimental
configurations which ere part of the Oek Ridge critical mass studies.
The calculeted reactivities of these uranyl-fluoride - water critical
assemblies were ressonably good for all the reflected and most of the
bare cores over the entire range of uranium concentration and core ge~
ametry covered by the Oak Ridge experiments. The effects of aluminum
and steel contalners on the reactivity of water-reflected assemblles
were Indiceted.

Lewls Flight Propulsion ILeboratory
Natlion=l Advisory Cammlttee for Aeromautics
Clevéland, Chio, December 31, 1955
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SYMBQLS
The following symbols are used in this report:
gecmetric buckling caonsitant e
neutron energy
neutron miltiplication constant
effective multiplication _.fa.ctor
mean-square slowing-down length, cm2
reactor atom density
Avogadro's mmber (6.023x1023 atoms/mole)
fraction of fission neutrons escaping capture in Blowing-
slowing-down density '
etom ratio of hydrogen to U-235-
reflector thickness, cm
extrapoletion length or reflector savings, cm
neutron mean free path
nmber of neutrons produced per fission
average loss In log energy per neutron collision
density
macroscopic cross section
microscoplc cross sectlion

Fermi sge, cm?

209%
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Subscripts:

A absorption

c core

F fission

s fagt-neutron group -
i _intermediate neutron group
r reflector

S scattering

P total

TR transport

th thermal neutron group
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APPENDIX B

EVALUATION OF CRITICALITY PARAMETERS

In the criticality equation used to calculate Kgpp (eq. (2)), the
required parameters fall into the followlng categories:

Thermal: Thermal multiplication constant, Kip; thermal diffusion
length, I%h

Epithermal: Epithermal multiplication constant, K;; average epi-
thermal Fermi age, ?i; noncapture probabllity, p -

Fagt: Mean-square slowing-down length, L?.

Geametric buckling constant: BZ.

Thermal Parameters

The thermal parameters are calculated from their definitions as
follows:

L VZp,th
Zp,th

2 _ MR,th
Lin 5%y,
where z'A,th is the macroscopic thermal absorption, and -zF,th 18 the
mecroscopic fisslon cross section. Both cross sections are averaged
over the Maxwellian distribution of thermal neutron flux. The neutron
yield per fission v has a value of 2.46, and "']R,th is the thermsl-

transport mean free path. The value of the hydrogen-transport cross
section is affected by the chemical binding of the hydrogen atam to the
water molecule. Radkowsky's method of camputing the thermal -transport
microscopic cross section for hydrogen was used in reference 2; a value
of 31.4 barns at room temperature was obtalned and is used here.

The hydrogen atom concentration NH must be known'to evaluate
these constants. The criticality date in reference 7. gave the U-235

2098
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density and the EH/NU‘235 ratio for many solutions; NE, therefore, was
camputed as & function of NH[NU'255, ag follows:

¥ e
¥ = 5 T

where p = g U-235/cc of solution, and Ny = Avogadro's mmber. These

date are presented in figure 4 and do not fall on & smooth curve (the
suthors estimate a i2-percent error in determination of p). A smooth
curve was accordingly drawn through these points and regquired values of

NH were read from figure 4. Thias curve shows how the hydrogen atom
concentration is decreased substantially for the rich solutlions and ap-

proaches the value for pure water (0.0868x1024 atoms/cc) ss the solu-
tions become leaner.

In the followlng teble axye llsted the microscopic cross sections
of the elements hydrogen, oxygen, U-235, and fIuorine for absorption
and scattering et 0.025 electron volt and an average fast-scattering
cross section at ebout 1 Mev. These values were cobtalned from refer-~
ences 19 and 20 and thelr respective supplements:

Element| 0,(0.025 ev) |og{0.025 ev) [og{1 Mev)
H 0.33 8z1.4 (g) 4.5
o} 0 4.18 3.5
U-235 687 10.0 7.0
580 (op 0.025)
F 0 3.94 3.0

8Average over Maxwellian thermal neutron flux
cEistribt;tion conslidering chemical binding
ref. 2).

Eplthermal Perameters

As mentioned previously, the required average epithermal parameters
are obtalned by mmerically welghting values at various energles by cor-
responding neutron fluxes. The varistion of neutron flux with energy 1s
taken as that for the neutron slowing-down distribution according to age
theory in en infinite medium of the same composition. Values of Ei

and p,, bhave been evaluated in this wey (see ref. 1). References 2
and 6 show that values of K;, numerically detexrmined for many core com-
poslitions, may be correlated with Ky, for reactors where there is
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significant epithermal production. Such a correlation, valid for hy-
drogencus reactors, 1s given in references 2 and 6 and is used herein
to evaluate K;. Bendt (ref. 17) has also used this correlation.

The quantity (L -7 ) represents an averege slowing-down length
for neutrons of intermediate emergy. Therefore, 1/ [l + Lz - L
t

represents the probabllity that a neutron will not leak out of

actor while slowing down from fisslon energlies through epithermal ener-
gles. In a reactor having considerable epithermal absorption and pro-
duction, this factor can be of importance. This quantity was camputed
by first evaluating <(E) from the Fermi age equation given before; 7(E)
was then weighted by the slowing-down density from the age-theory model,
and an average <T; was calculated as follows:

1

74 (B) Qﬂ%l ar

Ben

By
f Eﬂ%aﬂ
Etn

Values of '171 varied fram 0.20 square centimeter for lean solutions to

1.5 square centimeters for the richer solutions; 1.'1 is presented as &
function of R later in figure 6.

Ti=

The nonceapture probability for neutrons slowing down in infinite
hydrogenoue moderators contalning heavy absorbers Is glven by equation
6.88.1. in Glasstone and Edlund (ref. 21) as

Fo
ZydE
bt W R e =
By

If it is assumed that hydrogen 1s the only scatterer and that other ab-
sorbers cobey the l/v law in the epithermal region, -1 simple relationship
derived in reference 2 may be used here:

-22
Py, = exp| —As0:025

i
N5y

209¢
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An effective value of ogHl. for the epithermal region is used and

has the value of 34 berns for water at room temperature (see ref. 2).
It 1s convenient to introduce the parsmeter K, , which leads ‘o

=2V _
Dy, = exp| ocFa0-025 ) e@( 83.9

R ogfKyy, KenR

In figure 5, Pin is plotted agalnst Kbh The preceding approxi-

mation is shown by the-solid curve, while the value as calculated by
numerical integration for four urenyl-filuoride - water solutions 1s
shown by the circles. The same comparison is made in the following
table: ) )

R Pin
Approximate | Numerical Integration
24.4 0.187 0.211
52.9 -457 443
99.5 -653 .628
221 817 - . 795

Figure 6 wes used to provide values of p;, for all solutions.

Fast Parameters

The fast-neutron slowing-down length L]z? was computed with the

method of Marshek (ref. 22, eq. (A-3)) for water and solutions of ura-
nyl fluoride of different concentrations. The results were averaged
over the U-235 fission spectrum (ref. 23). Because the UOyF, used in
the criticelity experiments was only 93.4 percent enriched in U-235,
conslderation was given to the scattering properties of the fluoride
associated with U-234 and U-238. The results of this calculation gave

L§=25.36 square ceqtim'eter_s for pure water. This calculated value for
pure water was adjusted to the experimental velue of slowlng-down length

to thermal energles of 31.8 square centimeters (ref. 24). The values
for the fluoride solutions were simlilarly adjusted by the seme ratio. A

curve of adjusted values of L% against l/R is presented in figure 6.

Also included in figure 6 is a curve of’ '-Fi and (L?. - ?i)' Values re-

quired for all fluoride solutions were read from the curve.
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The materisal pa.rameters used far each uranyl-fluoride solution are
given in tahle IT. °°

Geametric Buckling
The georetric buckling ?Bz for a reactor of cylinmdrical geometry

is given by
52 = (2:405¥ [ _=_\?
r+6 h + 26

wvhere r and h are reactor radius and height, respectively, in centi-
meters, and 6 18 elther an extrapolation distance for a bare reactor
or & reflector savings for & reflected reactor. -

Since the extrepolation distance 1is given by .t).'TlXTR , there arises

the question of energy dependence .af B2. TFor the purpose of simplify-
ing calculations, 1t was sssumed that there was negligible energy de-
pendence on the geometric buckling. However, the value of Ay or &
must be evalueted at neutron emergies representative of where the bulk
of leakage occurs. The scattering cross sections in the region of 1
Mev were chosen as representative of the fast leakage region. B8ince
the scattering cross sectlons do not vary rapidly with energy in the
ne:l.gh‘borh.ood of 1 Mev, this assumption appears reasonable. An average
Z‘.m 1s then evaluated as follows:

g = 0 [+ L 0+ kg (B + B 5 + £ )

where the average cross- sectioms Bt about 1 Mev listed previously are
used and cognizance ie taken of the fact that the UDO,Fp used in the

polutions is only 93.4 percent emriched in urenium-235. TUsing the
listed cross sectioms, the preceding relation becomes

= nﬁ(s 175 + 20385)x10'2‘L

E'-'-T-"':{(l Mev)

The extrapolation distance 8 = 0.71/Em is indicated to be a

function of R and is listed in te&ble I along with the other material
parameters. It is noted that & varies slowly with R.

The reactors of references 7 and B were enclosed in steel or Alu-
minum containers 1/16 inch thick. If the shells are considered to be

20se
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thin reflectors, the savings can be appraximated by use of the followlng
relation (ref. 2):

X
anrﬁﬁt
TR,r

where t .1s the thickmess in centimeters, and x‘]:R,c end Xm,r are

fast core and reflector transport mean free paths, respectively. From
this relstion, values of O&gyqoy = 0-22 centimeter and

6A_-|_ = 0.15 centimeter are obtained. Inasmuch as relative ebsorptlvi-

ties were not consid.ered, these reflector savings were not included in
camputing Xapp-.

The reflected reactors of references 7 and 8 were enclosed by vary-
ing thicknesses of water, with a minimum radiel thickness of 11.43 cen-
timeters. Two-group reflected spherical réactoxr calculations were made
for four values:of U-235 concentrations, namely R = 24.4, 43.9, 99.5,
and 999. A teble' of calculated reflector sevings against th.tckness for
these four ratios follows:

t, Reflector savings, 6, cm
Cl R e 24.4/R = 43.9]R = 99.5|R = 999
5| 4.95 4.65 4.50 4.30
10| 7.20 6.55 6.18 5.85
30| 7.75 7.00 6.60 6.25

The family of curves of reflec'bor sa.vings a.geinst reflector thick-
ness is gliven In figure 7.

All the reflected reactors of reference 7 had a 6-inch reflector on
top and a %—mch reflector on bottam. The reactors of reference 8 had
6 inches of water. According to two-group theory, the saturated reflec-

tor savings for water reflectors on lesn water-modersted cores should be
approximately (see ref. 2)

6 = Lg + L%h = -/31.8 + 7.66 = 6.28 cm

which 18 in exrellent agreement with the value obtained for R = 999 at
t = 30 centimeters. The value of & for reflected reactors obtaimed by
Clark (ref. 12) 1s eround 6 centimeters, which is in good agreement with
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the present-values. Bucklings for the reflected experimenta.l aggemblies
were determined by the followlng formila:

Bza

(’ + 15s(mual)) (h *+ 3, s(top (bottcm))

209¢
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APPENDIX C

DETERMINATION OF EFFECT OF EXPERTMENTAT,

ERRCR UPON REACTIVITY PREDICTIGNS

The authors of reference 7 break down the experimental error linto
two types; e j2-millimeter error in meaesuring the critical height, end
a8 FZ-percent error in estimating the uranium concentration.
in measuring the critical helght would be more important for the flat-
ter cores; an error in uranivm concentration would be more important
for the leaner, less concentrated cores. )

An error

Seven representative bare reactors of varlous helght-dlameter ra-
tio were chosen, and the estimated experimental errors were introduced
into a reactivity calculation to evaluate the increase in K.pp. The

critical height was increased by 2 millimeters, which decreesed the

exisl buckling.

which altered all the material parameters of reference 7.

The uranium concentratlon was increased by 2 percent,

shown In the following table:

Results are

Reactor®| R | Height/ AK due to |[AK due to change|Total AK,
diasmeter|change in height,| in critical mass,
. %
A-1 52.9{ 1.34 0.11 0.08 0.19
A-6 755 1.14 .06 .55 .61
8-1 43.9 1.27 10 .12 .22
8-5 |174 1.52 .08 .16 .24
8-15 119 .28 .71 .07 .78
8-17 |329 .34 .54 14 .68
8-19 |[755 .53 .25 .57 .82

8Arbitrary designation, A (elumimm), S (steel).

For the shortest reactor (height of 14.3 cm), the uncertainty in

height produced an increase In reactivity of 0.7l percent.

For the

longer reactors, the chaenge In K.pp Wwas correspondingly leas. The

rich reactors showed little change in reactivity due to an error in
U-235 concentration, while the leaner reactors showed as much as a

0.57-percent change in EKgpe-

It can be seen that the experimental

error mey eccount for as much as io.éo-percent AKX of the calculated
value of K.pp-
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TABLE I. - MATERTAL PARAMETERS

NACA RM ESSL23

R | Kgp | By | oen | I3, (2B -T0),| Ifn, )
on? en? om? | cam
24.4 | 2.052 | 1.800 |0.187 | 36.61 | 35.25 | 0.152 |3.24
26.2 | 2.051 | 1.799 | .210| 35.95 | 34.50 .136 | 5.22
26.9 | 2.050 | 1.798 | .218| 35.64 | 34.28 149 | 5.15
29.9 | 2,047 | 1.796 | .254 | 34,73 | 33.49 .150 | 3.21
31.6 | 2.045 | 1.795 | .275 | 34.31 | 33.19 .155 | 3.21
43.9 [2.085.|1.789 | .391|32.97 | 32.11— | .195|3.21
52.9 | 2.024-| 1.785 | .457 | 32.58 | =1.8¢ .225 | 5.22
56.7 | 2.021 | 1.784 | .41 | 32.47 | 31.79 .236 | 5.23
58.8 | 2.019 |1.785 | .493 | 32.42 | 31.75 .245 | 3.23
61.1 [ 2.017 |1.782 | .506 | 32.38 | 31.72 .250 | .23
62.7 | 2.015|1.780 | .515 | 32.3¢ | 31.71 .257 | 3.23
71.5'| 2.007 | 1.776 | .557 |32.31 | 31.65 .308 | 3.24
75.4 | 2.005 | 1.775 | .566 | 32.20 | 31.61 .315 | 3.25
74.0 | 2.005 |1.775 | .568 |32.20 | =1.61 317 | 3.25
75.5 | 2.003 |1.772 | .573 | 32.20 | 31.61 .322 | 3.25
86.4 | 1,995 |1.772 | .614 |32.10 | 31.60 .337 | 3.26
99.5 |1.980 | 1.762 | .655 | 32.03 | 31.58 .382 | 3.27
119 {1.962 |1.753 | .698 | 31.98 | 31.57 446 |3.27
125.2 [1.959 |1.751 | .707 | 31.98 | 31.57 .460 |3.28
169 |1.918|1.726 | .772 (31.89 | 31.58 .607 | 3.29.
174 |1.914'|1.72¢ | .778 |31.88 | =1.58 .625 | 3.29
192 |1.898 [1.715 | .795|31.86 | 31.59 .679 | 3.29
221 |1.874 {1.700 | .817 {31.85 | 31.59 .767 | 3.30
226 |1.870 |1.697 | .820 | 31.85 | 31.59 .781 | 5.30
290 |1.819 |1.665 | .855 [51.82 | 31.60 .966 | 5.30
320 |1.796 [1.650 | .86¢|31.82 | 31.60 |1.049 |3.30
329 |1.789 |1.646 | .67 [31.81 | 31.60 [1.075 3.31
499 |1.669-|1.559 | .005 |31.80 | 31.61 |1.509 |3.3
755 |1.516 |1.444 | .930 | 31.79 | 31.60 | 2.065 |3.32
999 [1.395 |1.348 | .942 | 31.79 | 31.63 | 2.511 |3.32
- o 0 961 |31.79 | 51.65 | 7.649 |3.35
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Figure 1. ~ Effective multiplication factor for bere
uranyl—flouride - water cylindricsl critical assemblies
of references 7 and 8.



24

Atom ratio, R = NH/NU-235
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Figure 2. - Effective multiplication factor for. reflected uranyl-flouride -
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water cylindricel critical assemblies of references 7 &nd 8.
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Figure 3. -~ Effect of LO-percent increase of extrapolation
distance on effectlive multiplication factor for bare uranyl-
flouride - water cylindrical critical assermblies of references
7 and 8.
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Thermal multiplication constant, Kth

27

o Calculated by numerical integration
2.2 over epithermal region
* Calculated by approximate relation
Doy = e-83.9/K¢pR
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Noncapture probability, Pip

Figure 5. - Noncapture prcbebility for uranyl-flouride - water solutions

at room tempersture.
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Figure 6. - Mean-square slowlng-down distance for uranyl-flouride - water
solutions at room temperature.
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Figure 7. - Reflector savings due to weter reflector for uranyl-flourlde ~ water solutlons at room

temperature, caleulated by two-group theory.
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